This Application is a continuation-in-part of serial no. 09/741,137 
filed 12/19/00. 
TECHNICAL FIELD 

The field of the invention concerns harmonic lasers, and in particular 
a method and apparatus for generating frequency tripled and higher 
harmonic laser beams. 
BACKGROUND OF THE INVENTION 

Optical harmonic generation is well known in the art. Intracavity 
second harmonic generators are known. See for example, J.M.Y. 
Yarborough, et al, "Enhancement of Optical Second Harmonic Generation 
by Utilizing the Dispersion of Air", Vol. 18, No. 3., Applied Physics p. 70- 
73. Third harmonic generators are also known in the art. Generally, third 
harmonic generation requires the generation of a second harmonic beam. 
External third harmonic lasers, where a second harmonic nonlinear crystal 
and a third harmonic nonlinear crystal are located outside the cavity, are 
known in the art, see for example U.S. Pat. No. 5,835,513. Intracavity third 
harmonic lasers are also known. See: U.S. Pat. Nos. 5,898,717. Fourth and 
fifdi harmonic generators are also known. It is desired to provide improved 
external third, fourth and/or fifth harmonic generation efficiency. 



SUMMARY OF THE INVENTION 

The invention relates to an improved harmonic laser which provides 
an externally generated third, fourth and/or fifth harmonic beam. 
According to the invention, a third harmonic laser or higher harmonic laser 
is provided. The laser includes a first reflector and a second reflector for 
fundamental beam, forming a resonator cavity having an optical axis. The 
resonator includes a laser medium for producing a fundamental beam for 
example, Nd:YAG, Nd:YLF, Nd:YV04- The first reflector is highly reflective 
for fundamental beam. The second reflector is at least partially reflective 
for fundamental beam. A second harmonic generator is located within the 
resonator formed between the first high reflector and the second reflector 
for generating a second harmonic beam from the fundamental beam. 
Preferably the second harmonic generator is located so that the 
fundamental beam makes a first and second pass through the second 
harmonic generator. The resonator produces two output beams at least one 
of which is a harmonic beam. One or more output couplers are provided to 
remove at least a portion of the output beams. A third harmonic or higher 
generator is positioned extemal to the resonator cavity and is located along 
the optical path from the output coupler, so that the output beams from the 
resonator incidents on the third harmonic or higher generator where 
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portions of the output beams are converted to third harmonic or higher 
beam. 

When the fourth and fifth harmonic generation are required, it is 
preferable to include a third harmonic generator within the resonator cavity 
along with the second harmonic generator to produce a third harmonic 
beam within the cavity. Desirably, in the fourth harmonic laser according 
to the invention, the third harmonic and fundamental beams will be 
removed from the cavity through one or more output couplers and directed 
to an external fourth harmonic generator. Desirably, in the fifdi harmonic 
laser, second and third harmonic beam will be removed from the cavity 
through one or more output couplers and directed through an externally 
located fifth harmonic generator. 

In operation, the laser material is pumped by the pump source, for 
example a laser diode bar or laser diode until the laser material lases. The 
fundamental beam is directed across the second harmonic generator, 
preferably a second harmonic nonlinear crystal located within the cavity. 
Preferably, the crystal is located such that the fundamental beam makes a 
second pass across the crystal. Thus, fundamental and second harmonic 
beam are present in the cavity. Optionally, a third harmonic crystal can be 
placed in the cavity depending on whether a third harmonic, fourth 
harmonic or fifth harmonic beam is ultimately desired. A third, fourth or 
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fifth harmonic generator is located external to the cavity. Within the cavity 
there are at least two beams present, at least one of which is a harmonic 
beam. Two beams are removed from the cavity through one or more outlet 
couplers and then are directed through an extemally located harmonic 
generator for generation of a third harmonic beam or higher. Desirably, the 
beams directed outside the cavity to the external harmonic generator, have 
a predetermined ratio to one another. 

It is an object of the invention to provide an efficient external cavity 
third harmonic generation laser. 

It is an object of the invention to provide efficient external cavity 
third harmonic generation laser with a second harmonic generator located 
in the laser cavity and a third harmonic generator located external to the 
cavity. 

It is an object of the invention to provide an efficient external cavity 
fourth or fifth harmonic generation laser with a second and third harmonic 
generator located in the laser cavity. 

It is an object of the invention to provide an efficient external cavity 
fifth harmonic generation laser with a second, third and fourth generator 
located in the laser cavity and fifth harmonic generator located external to 
the cavity. 
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Other and further objects will become apparent from the appended 
specification drawing and claims. It should be understood that there are 
numerous embodiments contemplated by the subject invention. Every 
embodiment of the invention does not necessarily achieve every object of 
the invention. 

The preferred embodiment of the present invention is illustrated in 
the drawings and examples. However, it should be expressly understood 
that the present invention should not be limited solely to the illustrative 
embodiment. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a diagrammatic view of a third harmonic laser according to 
the invention. 

Fig. 2 is a diagrammatic view of a third harmonic laser according to 
the invention. 

Fig. 3 is a diagrammatic view of a fourth harmonic laser according to 
the invention. 

Fig. 4 is a diagrammatic view of a fifth harmonic laser according to 
the invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

The invention relates to an improved harmonic laser which provides 
an externally generated third, fourth and/or fifth harmonic beams. 
According to the invention, a third harmonic laser or higher harmonic laser 
is provided. The laser includes a first reflector and a second reflector for 
fundamental beam, forming a resonator cavity having an optical axis. The 
resonator includes a laser medium for producing a fundamental beam. 
Desirably, the laser medium is Nd:YAG, Nd:YLF, Nd:YV04, although other 
laser mediums are also contemplated such as Ti:sapphire, Nd:YAB and the 
like. The laser medium can be pumped by any desired pumping source for 
example, laser, laser diode, laser diode bar, fiber coupled laser diode bar or 
lamp which are well known in the art. The laser medium can be either end 
pumped or side pumped which are well known. The first reflector is highly 
reflective for fundamental beam. The second reflector is at least partially 
reflective for fundamental beam. 

A second harmonic generator is located within the resonator formed 
between the first high reflector desirably highly reflective for fundamental 
and the second reflector for generating a second harmonic beam from the 
fundamental beam. Preferably the second harmonic generator is located so 
that the fundamental beam makes a first and second pass through the 
second harmonic generator. Desirably the second harmonic generator is a 
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nonlinear crystal such as LBO, BBO, KTP, CLBO or other suitable second harmonic 
generation nonlinear medium. The second harmonic generator desirably a crystal 
can be critically phase matched (CPM) or non-critical phase matched (NCPM). 
LBO nonlinear crystal is useful in the subject invention. The LBO crystal can be 
cut for noncritical phase match (NCPM) where there is substantially no walk off 
between the fundamental and second harmonic beams, or critical phase 
match (CPM) where there is walk off between the fundamental and the second 
harmonic beams. Depending on the particular circumstance, one or both can be 
used to generate the second harmonic. In general, if the laser beam spot size is 
substantially larger than the walk off, then either approach can be used (CPM or 
NCPM), if the laser beam spot size is comparable in size as compared with the 
walk off displacement, then, NCPM method is preferred. Walk off is proportional 
to the nonlinear crystal length, and second harmonic conversion efficiency is 
directly related with the peak power density of the fundamental beam and the 
effective interaction length of the crystal. Thus, in low peak power situations, 
NCPM method is favored. 

The resonator produces two output beams at least one of which is a 
harmonic beam. One or more output couplers are provided to remove at 
least a portion of the output beams from the cavity. Optionally, an output 
coupler may also serve as the second reflective surface. A third harmonic or 
higher harmonic generator is positioned external to the resonator cavity 
and is located along the optical path from ±e output coupler or couplers, so 
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±at the output beams from the resonator simultaneously incident on the 
third harmonic or higher generator where portions of the output beams are 
converted to third harmonic or higher harmonic beam. 

When fourth and fifth harmonic generation are required, it is 
desirable to include a third harmonic generator within the resonator cavity 
along with the second harmonic generator to produce a third harmonic 
beam within the cavity. Desirably, in the fourth harmonic laser according 
to the invention, the third harmonic and fundamental beams will be 
removed from the cavity through one or more output couplers and directed 
to an external fourth harmonic generator. Desirably, in the fifth harmonic 
laser, second and third harmonic beam will be removed from the cavity 
through one or more output couplers and directed through an extemally 
located fifth harmonic generator. 

In operation, the laser material is pumped by the pump source, for 
example a laser diode bar or laser diode until the laser material lases. The 
fundamental beam is directed across the second harmonic generator, 
preferably a second harmonic nonlinear crystal located within the cavity. 
Preferably, the crystal is located such that the fundamental beam makes a 
first and second pass across the crystal. Thus, fundamental and second 
harmonic beam are present in the cavity. Optionally, a third harmonic 
crystal can be placed in the cavity depending on whether a third harmonic, 
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fourth harmonic or fifth harmonic beam is ultimately desired. A fourth 
harmonic crystal can be included in the cavity when the fifth harmonic 
beam is desired. A third, fourth or fifth harmonic generator is located 
extemal to the cavity. Within the cavity there are at least two beams 
present, at least one of which is a harmonic beam. Two beams are removed 
from the cavity through one or more outlet couplers and then are directed 
through an externally located harmonic generator for generation of a third 
harmonic beam or higher. Desirably, the beams directed outside the cavity 
to the external harmonic generator, have a predetermined ratio to one 
another. 

In another aspect of the invention, a fourth harmonic laser is 
provided. The fourth harmonic crystal is located extemal to the resonator 
cavity. The fourth harmonic generator is desirably a nonhnear crystal cut 
for fourth harmonic generation Iw + 3w. Preferably, a LBO crystal, optionally 
a KDP, BBO, CLBO and KD*P crystal cut for fourth harmonic generation Iw + 3w 
can also be used. 

In operation the third harmonic laser is operated. The beams propagating 
from the third harmonic generator, desirable the fundamental beam Iw and third 
harmonic beam 3w are directed through fourth harmonic generator where a 
portion of the Iw and 3w beams are converted to fourth harmonic beam (4w). In 
prior art devices, the fourth harmonic generation is often achieved using a BBO 
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crystal cut for 2w + 2w. However, it is desirable to use a LBO crystal which has a 
larger acceptance angle and less UV absorption at 266mm. However, the LBO 
crystal is only available in Iw + 3w. Thus according to the invention an external 
fourth harmonic generation laser is provided using a LBO crystal as the fourth 
harmonic generator. 

In operation of the fourth harmonic laser, a laser providing both third 
harmonic and fundamental beam is operated. The third harmonic beam 
can be generated either in the cavity as shown in Fig. 2 or externally as 
shown in Fig. 1. Desirably, the third harmonic beam is generated within 
the cavity as shown for example in Fig. 2. 

In the third harmonic laser according to the invention, the second 
reflector is desirably partially reflective for fundamental beam and partially 
transmissive for fundamental beam and thus acts as one of the output 
couplers. Second harmonic beam and a portion of fundamental beam are 
removed through one or more output couplers. Desirably the fundamental 
beam output coupler is about 1% to about 25% preferably about 2 to 10% 
transmissive for fundamental beam. The percentage of transmission of 
fundamental beam of the output coupler is selected to provide the preselected 
power ratio of the second harmonic to the fundamental preferably a power ratio 
of about 2:1. The fundamental beam and the second harmonic beam incident on 
the third harmonic generator preferably in a power ratio of second harmonic to 
fundamental of about 2:1. 
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A third harmonic generator is located external to the resonator cavity in 
optical communication with the second harmonic beam and fundamental beam 
propagating from one or more output couplers. The third harmonic generator 
according to invention is desirably a third harmonic nonlinear crystal for example 
LBO, BBO, or CLBO. Optionally, other nonlinear generators can be used. Desirably 
the third harmonic generator for example a nonlinear crystal such as LEO has 
been oriented to at least partially compensate for walkoff when a CPM second 
harmonic crystal is used in the second harmonic generation. 

Referring now to the drawings, a third harmonic generator according 
to the invention is shown in Fig. 1. A resonator cavity is formed between a 
first reflective surface preferably mirror Ml which is preferably highly 
reflective for fundamental beam and a second reflective surface desirably 
output coupler OCl which is partially transmissive and partially reflective 
for fundamental beam and highly reflective for second harmonic beam, A 
laser medium LM desirably an Nd:YAG, Nd:YLF and Nd:YV04, is provided 
within the cavity. Other laser medium can be substituted. Desirably, 
Nd:YV04^Nd:YAG, Nd: YLF laser medium lasing at 1064NMis provided. An 
optional Q-switch QS can be is provided within the cavity. 

Laser diodes LDl and LD2 are provided to excite the laser medium 
LM. Mirrors M6 and M7 are provided on either side of the laser medium 
along the optical axis. M6 and M7 are highly reflective for fundamental 
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beam and highly transmissive for the wavelength of the pumping source 
LDl and LD2. A second harmonic generator SHG, desirably an LBO or BBO 
second harmonic generation crystal is provided within the cavity. A second 
harmonic output coupler is provided along the optical axis between the 
second harmonic generator and the laser medium, preferably a dichoric 
mirror MDll which is highly reflective on side K for a second harmonic 
beam and highly transmissive on both sides K and J for a fundamental 
beam* Mirror M12 which is highly reflective for second harmonic beam is 
located in optical communication with MDll and receives second harmonic 
beam reflected by dichoric mirror MDll, Mirror Ml 3 which is highly 
reflective for a second harmonic beam is located in optical communication 
wi± mirror Ml 2 and reflects the second harmonic beam through beam 
shaping optics LS4. Beam shaping optics LS4 is located in optical 
communication with mirror M13, LS4 can be one or more lenses, mirrors, 
prisms or any other beam shaping optics to optimize the shape of the 
second harmonic beam prior to it incidenting on the third harmonic crystal 
A dichoric mirror MD12 is provided in optical communication with beam 
shaping optics LS4. Beam shaping optics LS3 is provided in optical 
communication with output coupler OCl and dichoric mirror MD12 to 
focus the fundamental beam. Dichoric mirror MD12 is highly transmissive 
for fundamental beam propagating from LS3 and highly reflective for 
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second harmonic beam propagating from beam shaping optics LS4. An 
optional optical delay line DL is provided. The optical delay line DL 
includes a prism PR and mirrors M60 and M61. M60 and M61 are highly 
reflective for fundamental beam. The delay line DL is used desirably when 
the laser is operated in pulsed mode with very short pulses such as pico or 
fem second pulses where the optional delay line makes multiple laser pulses 
overlap in the nonlinear generator. External to the laser cavity and located 
along the optical path of the second harmonic and the fundamental beam 
propagating from dichoric mirror MD12 is a third harmonic generator. The 
third harmonic generator according to the invention is desirably a third 
harmonic nonlinear crystal for example LBO, BBO, or CLBO. Optionally, 
other nonlinear generators can be used. Desirably, the third harmonic 
generator for example a nonlinear crystal such as LBO has been oriented to 
at least partially compensate for walkoff when a CPM second harmonic 
crystal is used in the second harmonic generation. A beam separator, for 
example a prism or dichoric mirror, desirably dichoric mirror Ml 4 is 
provided in optical communication with the beams propagating from the 
third harmonic crystal THG. Mirror M14 is highly reflective for third 
harmonic and preferably highly transmissive for fundamental and second 
harmonic. Optionally, a beam block BD is provided to receive and block 
beams transmitted through mirror M14. The beams reflected by mirror 
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M14 are directed to mirror M15 which is highly reflective for third 
harmonic and reflects the third harmonic beam as the output of the laser 
device. Optionally, the output can be taken directly from THG or from 
M14. 

In operation, the laser medium LM is pumped by laser diodes LDl 
and LD2. The fundamental beam from the laser medium is reflected by 
mirror M7 to dichoric mirror MDll which is highly transmissive for 
fundamental beam. There the fundamental beam is directed through 
second harmonic generator SHG where a portion of the fundamental beam 
is converted to second harmonic beam. Output coupler OCl which is 
partially reflective for fundamental beam reflects a portion of the 
fundamental beam back across the second harmonic generator where 
additional second harmonic beam is generated from the fundamental beam. 
Mirror MDll transmits any unconverted fundamental beam back to mirror 
M7 and back across laser medium for amplification. Second harmonic 
beam propagating from SHG is directed outside the cavity by the output 
coupler, dichoric mirror MDll. The beam is then reflected by mirror M12 
to mirror M13 and directed across beam shaping optics LS4 to dichoric 
mirror MD12 where the second harmonic beam is reflected through the 
third harmonic generator THG. Output coupler OCl is partially 
transmissive for fundamental beam. Desirably, the output coupler OCl is 
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about 1% to about 25% preferably about 2% to 10% transmissive for 
fundamental beam. The percentage of transmission of the output coupler is 
desirably selected to provide the preselected power ratio of the second 
harmonic to the fundamental preferably a power ratio of about 2:1 as the 
beam ultimately propagates across third harmonic generator THG. 
Fundamental beam propagating from OCl is either directed directly to lens 
shaping LS3 or optionally is directed to the optical delay Hne DL which is 
composed of mirror M60, M61 and prism PR. The optical delay line DL 
reflects fundamental beam at M60 to prism PR where the beam is 
transmitted to mirror M61 and then reflected across beam shaping optics 
LS3 to mirror MDll which transmits fundamental beam along the same 
path as the reflected second harmonic beam through the third harmonic 
generator THG. Third harmonic beam is then efficiently produced in third 
harmonic generator THG. 

Third, second and fundamental beam propagating from THG are 
directed from beam separator desirably mirror M14 which reflects third 
harmonic beam as the output. Optionally, mirror Ml 5 which is highly 
reflective for third harmonic beam can be used to direct the output of the 
beam as desired. Fundamental beam and second harmonic beam are 
desirably transmitted by M14 to beam block BD where they are absorbed. 
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Referring now to Fig. 2, a third harmonic laser according to the 
invention is shown. A resonator cavity is provided between mirror Ml 
which is highly reflective for fundamental beam and output coupler 0C2 
which is partially reflective and partially transmissive for fundamental 
beam. Within the laser cavity is a laser medium LM as described above. An 
optional Q-switch, QS can be within the resonator cavity. A laser pumping 
source is provided desirably laser diode LDl for exciting the laser medium 
LM. Mirror M6 is provided which is highly reflective for fundamental beam 
and highly transmissive for pump wavelength beam. Dichoric mirror MD21 
is provided in optical communication with fundamental beam reflected 
firom mirror M6. Dichoric mirror MD21 acts as an output coupler to 
remove second harmonic beam from the cavity. MD21 is highly 
transmissive for second harmonic beam and partially transmissive and 
partially reflective for fundamental beam. A reflecting mirror M22 is 
provided in optical communication with dichoric mirror MD21. M22 is 
reflective preferably highly reflective for second harmonic and fundamental 
beams. A second harmonic crystal SHG is located intermediate to reflecting 
mirror M22 and output coupler MD21. A quarter waveplate is provided 
intermediate to mirror Ml and output coupler MD21. Mirrors M21 and 
M23 are provided in optical communication with MD21. Both M21 and 
M23 are highly reflective for second harmonic beam. Mirror M21 reflects 
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second harmonic beam transmitted by MD21 to mirror M23. Mirror M23 
reflects second harmonic beam to beam shaping optics LS22 which is 
located in optical communication with M23 and mirror M24. The lens 
shaping optics is as described in Fig, 1. Mirror M24 is highly reflective for 
second harmonic and highly transmissive for fundamental beam. A third 
harmonic generator THG is located outside the cavity in optical 
communication with M24 on one side. The opposite side of THG is in 
optical communication with mirror M25 which reflect the third harmonic 
beam to a desired position for end use. Output coupler 0C2 is provided 
between laser medium LM and mirror 24. Beam shaping optics LS21 is 
provided between 0C2 and M24 in optical communication with both 0C2 
and M24 to shape fundamental beam prior to its incidenting on the third 
harmonic generator THG. 

In operation, laser diode LDl pumps laser material LM through 
mirror M6. Fundamental beam propagating from laser material LM is 
propagates to mirror M6 and to output coupler 0C2. Mirror M6 which is 
highly reflective for fundamental beam and highly transmissive for pump 
wavelength beam, reflects fundamental to dichoric mirror MD21. The 
fundamental beam (I) reflected by M6 incidents on MD21. MD21 is highly 
transmissive for "P" polarized fundamental beam on both sides, highly 
reflective for "S" polarized fundamental beam for (1), and highly 
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transmissive for "P" polarized second harmonic beam. After MD21, 
horizontally polarized "I" passes through quarter waveplate QW where the 
linear polarized "I" becomes circular polarized beam and is reflected back 
from Ml. After passing through QW again, the polarization of "I" becomes 
vertical polarized and is reflected by MD21 to SHG where a portion of the 
vertical polarized "I" converts to SHG which is horizontal polarized. The 
SHG and the vertical polarized "I" are reflected back from M22 which is 
highly reflective for both "I" and second harmonic then passes through SHG 
where another portion of the "I" becomes SHG. The "I" reflected by MD21 
then passes through QW and then passes QW again after reflecting by Ml. 
After "I" exits from QW again, the "I" becomes horizontal polarized beam, is 
then transmitted by MD21 and reflected by M6 through LM for further 
amplification. 

The second harmonic beam transmitted by MD21 is reflected by 
mirror M21 and directed to mirror M23 which reflects it through beam 
shaping optics LS22 to mirror M24 where it is reflected through the third 
harmonic generator THG which is located on the output path of both the 
second harmonic and the fundamental beam propagating from the 
resonator. Third harmonic beam propagates from THG mirror M25 which 
reflects the beam as the output. 
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Fig. 3, illustrates a fourth harmonic generation apparatus according 
to the invention. A resonator cavity is formed between reflecting surfaces 
preferably mirror Ml which is highly reflective for fundamental beam and 
output coupler 0C3 which is highly reflective for second harmonic beam 
and partially reflective and partially transmissive for fundamental beam. In 
optical communication with mirror Ml and output coupler 0C3 is laser 
medium LM. The laser medium is preferably diode pumped by laser diode 
LDl and LD2 through mirrors M6 and M7. Within the resonator cavity is 
located second harmonic generation crystal SHG and third harmonic 
generator THG. An output coupler, preferably dichoric mirror MD31 is 
provided in the resonator cavity along the optical axis between the laser 
medium on one side and the second and third harmonic generators on the 
other side. Third harmonic output coupler preferably dichoric mirror MD31 
is highly reflective for third harmonic beam on side K and highly 
transmissive for fundamental beam on both sides K and J. An optional 
delay circuit is provided in optical communication with beam transmitted 
by 0C3 as described with regard to in Fig. 1. 

Mirror M32 which is highly reflective for third harmonic beam is in 
optical communication with reflected beam from side K of MD31. Mirror 
M33 is highly reflective for third harmonic beam and is in optical 
communication with mirror M32. Beam shaping optics LS34 desirably, 
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lenses, mirrors or prisms is provided to optimize the shape of the third 
harmonic beam prior to its incidenting on the dichoric mirror MD32. 
Dichoric mirror MD21 is highly reflective for third harmonic on side L and 
highly transmissive for fundamental beam on side M. Beam shaping optics 
LS33 is provided in communication with fundamental beam propagating 
from 0C3 to shape the fundamental beam propagating from output coupler 
0C3. LS33 is desirably lenses, mirrors or prisms to optimize the shape of 
the fundamental beam. 

Fourth harmonic generator FHG is located along the optical path of 
both the third harmonic and fundamental beam propagating from dichoric 
mirror MD31 outside the laser cavity so that both third harmonic and 
fundamental beam pass through FHG simultaneously. Fourth harmonic 
generator FHG is preferably a fourth harmonic nonlinear crystal for fourth 
harmonic generation W+3W. The fourth harmonic generator is desirably a 
nonlinear crystal for generation of fourth harmonic beam from fundamental 
and third harmonic beam. Preferably, a LBO nonlinear crystal is used. The 
LBO nonlinear crystal for Iw + 3w generation of fourth harmonic beam is 
particularly desirable because it has a large acceptance angle and has a low 
UV absorption at 266nm compared with BBO crystal. Optionally, a BBO 
nonlinear crystal or other nonlinear crystal for generation of fourth 
harmonic from Iw + 3w can be used. Other optional nonlinear crystals 
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include KDP, CLBO and KD*P. Mirror M35 is desirably provided in optical 
communication with beams propagating from the fourth harmonic 
generator and is highly reflective for fourth harmonic beam and 
transmissive for fundamental beam. Beam block BD is optionally provided 
to block any beams propagating through M35. Mirror M36 which is highly 
reflective for fourth harmonic beam is provided to direct the output of the 
laser to a desired location by the user. 

In operation, the laser medium LM lases upon pumping by diodes 
LDl and LD2. The fundamental beam passes a third harmonic output 
coupler preferably dichoric mirror MD31 where it passes through third 
harmonic generator THG and then is directed to second harmonic generator 
SHG where a portion is converted to second harmonic beam. Output 
coupler 0C3 reflects the second harmonic beam and a portion of the 
fundamental beam back across the second harmonic generator where a 
further portion of the fundamental beam is converted to second harmonic. 
The second harmonic and fundamental beam then propagate through third 
harmonic generator where a portion of the fundamental and a substantial 
portion of the second harmonic are converted to a third harmonic beam. 
Mirror MD 31 transmits fundamental beam for further amplification in laser 
medium LM. Third harmonic beam is reflected by MD31 to mirror M32 
which reflects the third harmonic beam to mirror M33 which reflects the 
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third harmonic beam ±rough beam shaping optics LS34 to dichoric mirror 
MD32 which reflects the third harmonic beam through a fourth harmonic 
generator. Fundamental beam is transmitted by output coupler 0C3 
through the optional optical delay line DL to beam shaping optics LS33 
which directs the beam to dichoric mirror MD32 which transmits the 
fundamental beam through the fourth harmonic generator which is located 
on the optical path of both the fundamental and the third harmonic beams. 
Fundamental and third harmonic beams pass through FHG together and are 
converted to fourth harmonic beam in the fourth harmonic beam generator 
FHG. Mirror M35 reflects fourth harmonic beam to mirror M36 which 
directs the fourth harmonic beam to a desired location as the output of the 
device. 

Referring to Fig. 4, a fifdi harmonic generation apparatus is provided. 
A resonator cavity is formed between two reflective surfaces, preferably 
mirror Ml and M7. Laser medium LM is located within the resonator cavity 
in optical communication with mirrors Ml and M7. Within the resonator 
cavity is located a second harmonic generator SHG and third harmonic 
generator THG. Second harmonic generator SHG is located in such a way 
that the fundamental beam propagating from laser medium LM makes two 
passes across second harmonic generator prior to being returned to the 
laser medium for amplification. According to the invention, a fifdi 
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harmonic generator 5HG, preferably a BBO fifth harmonic generation 
crystal for a generation 3w+2w is provided outside the resonator cavity. 
Output coupler preferably dichoric mirror MD41 is provided along the 
optical axis between the third harmonic generator THG and the laser 
medium. Side K of output coupler MD41 is highly reflective for second 
harmonic and third harmonic beam. Dichoric mirror MD41 is highly 
transmissive for fundamental beam on both sides of MD41. The second 
harmonic and third harmonic beams are directed to mirror M42 by output 
coupler MD41. The BBO crystal, fifth harmonic generator, 2w+3w, requires 
that the second and third harmonic beams have parallel polarization. The 
second and third harmonic beams are orthagonally polarized when 
reflected by side K of MD41. Thus, the polarization of one of the beams 
needs to be rotated. The second harmonic and third harmonic beams are 
directed to mirror M42 which reflects the second harmonic and transmits 
the third harmonic beam. Second harmonic beam is directed to mirror M43 
and is reflected to a one-half waveplate WP where the polarization is 
rotated 90°. Beam shaping optics LS43 is provided to shape the beam as 
desired prior to its incidenting on mirror M45 which is highly transmissive 
for second harmonic beam. Third harmonic beam is transmitted by mirror 
M42 and directed to mirror M44 which is highly reflective for third 
harmonic beam. The reflective third harmonic beam is then directed to 
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beam shaping optics LS42. Beam shaping optics LS42 shapes the beam as 
desired and directs it to mirror M45 which is highly reflective for third 
harmonic. Fifth harmonic generation crystal, preferably a BBO fifth 
harmonic generation crystal 2w + 3w is provided along the path of both 
the second harmonic and the third harmonic beams propagating from 
mirror M45. The second and third harmonic beams are converted to fifth 
harmonic beams in the fifth harmonic crystal 5HG and then directed to 
mirror M46 which reflects the fifth harmonic beam on a predetermined 
path as the output of the laser. 

In operation, the laser material LM lases and the fundamental beam 
is directed through side J of dichoric mirror M41 through third harmonic 
generator to second harmonic generator where a portion of the 
fundamental beam is converted to second harmonic beam. The second 
harmonic beam and unconverted fundamental beam are reflected by mirror 
M22 back through second harmonic generator SHG where a further portion 
of the fundamental is converted to second harmonic. The second harmonic 
beam and the fundamental beam are then directed across the third 
harmonic generator where a portion of the fundamental and a substantial 
portion of the second harmonic are converted to third harmonic beams. 
Side K of output coupler, dichoric mirror M41 then reflects the second and 
third harmonic beams to mirror M42. The fundamental beam is 
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transmitted by mirror MD41 and directed back across the laser medium for 
amplification. The second and third harmonic beams reflected by side K of 
MD41 are directed to mirror M42 where the second harmonic beam is 
reflected to M43 and the third harmonic beam is transmitted by mirror M42 
and directed to mirror M44 as described above. The second and third 
harmonic beams then simultaneously pass through fifth harmonic generator 
5HG where a portion of the beams are converted to fifth harmonic. The 
fifth harmonic beams propagating from 5HG are then directed by mirror 
M46 to a desired location for end use. 

The foregoing is considered as illustrative only to the principals of 
the invention. Further, since numerous changes and modification will 
occur to those skilled in the art, it is not desired to limit the invention to the 
exact construction and operation shown and described above, and 
accordingly, all suitable modifications and equivalents may be resorted to, 
falling within the scope of the invention. 
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